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Prostate and lung cancer are among the most prevalent and lethal forms of the disease, and, globally, cancer is a
primary cause of mortality. Early diagnosis and the application of precise biomarkers are crucial for prolonging
patient lifespan and enhancing quality of life. Molecularly imprinted polymers (MIPs) are synthetic substances
capable of selectively identifying and binding specific target molecules. Besides their sensitivity to biomolecules,
MIPs offer significant advantages in cancer biomarker detection due to their cost-effectiveness and flexible ar-
chitectures. MIP-based biosensors designed for the detection of prostate and lung cancer-specific biomarkers
provide unique solutions that enhance the diagnostic process and improve its accuracy. This study aims to assess
the present state of MIP-based biosensors in the detection of biomarkers for prostate and lung cancer, as well as
the potential opportunities provided by this technology. This study will present an overview of potential bio-
markers for lung and prostate cancer, clarify the fundamental features of MIPs, and discuss their uses in MIP-
based biosensors along with prospective future applications. In this context, our review is aimed to contribute

to the development of innovative methods used in early cancer diagnosis.

1. Introduction

Cancer is a prevalent type of disorders characterised by unregulated
proliferation of cells and their spread to other healthy areas of the body.
In 2020, there were an estimated 19.3 million new cancer diagnoses and
nearly 10.0 million cancer fatalities globally. Lung cancer is the second
most prevalent cancer in women, following breast cancer, and the most
prevalent cancer in males, followed by prostate and colorectal cancer
regarding incidence. The statistics indicate that lung and prostate can-
cers represent a significant effect on world health [1]. The demand for
cost-effective, dependable, and rapid technologies for early diagnosis of
prostate and lung cancer is on the rise, as they are among the most
prevalent and lethal forms of cancer worldwide. The early detection of
cancer is crucial in the battle against the disease, as it enables the disease
to be detected at a treatable stage. This enhances the survival rate of
patients by enhancing the response to treatment and simplifying disease
management as a result of cancer diagnosis in its early stages. In addi-
tion, the quality of life of patients is enhanced by the reduction of
treatment-related complications and adverse effects, which is facilitated
by the use of less invasive treatment methods as a result of early diag-
nosis. Innovative methods, particularly those that are facilitated by the
precise identification of cancer biomarkers, enhance the efficacy and
accessibility of early diagnosis processes.
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Synthetic polymers known as MIPs are intended for the selective
identification of biomolecules and low molecular weight targets. They
possess significant potential in biosensor technologies, particularly in
the early diagnosis and management of fatal diseases like cancer, as a
result of these properties [2]. MIP-based biosensors are a unique and
innovative approach to the detection of markers associated with these
cancer types. This is due to the fact that their structures are designed to
resemble natural biomolecules, which allows for high selectivity and
stability. Furthermore, they have the capacity to enhance the sensitivity
of biosensor platforms and circumvent certain constraints of conven-
tional methods. MIPs are more economical than biomolecules and pro-
vide an alternative to biological recognition components like enzymes or
antibodies [3]. Moreover, they enhance biosensor efficacy owing to
their elevated affinity and selective binding capability to target mole-
cules. However, the inability to completely remove the template mole-
cule from the polymer, nonspecific binding, and complexity in the
manufacturing process may negatively affect sensor sensitivity and ac-
curacy [4]. The successful immobilization of the MIP on the electrode
surface, optimization of binding kinetics, and efficient removal of the
template molecule without compromising sensor performance are
essential factors.

Techniques for effective immobilization of MIP on electrode surfaces
include several ways applied to generate artificial recognition sites on
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biosensor surfaces. Bulk imprinting, surface imprinting, and epitope
imprinting are three main imprinting methods. Small molecules are
imprinted mostly by bulk imprinting. The polymer dissolves to reveal
the recognition sites following polymerization. Since surface imprinting
forms the recognition sites on the surface and the binding kinetics are
faster, it is more appropriate for imprinting biomolecules. Its sensitivity
may be less than volumetric printing, nevertheless, given the modest
number of recognition sites. Among surface printing processes are soft
lithography, template immobilization, grafting, and emulsion poly-
merization. While template immobilization generates consistent
imprinted surfaces with chemical bonds, soft lithography lets the gen-
eration of micro- and nano-patterns free from the requirement for costly
equipment. While emulsion polymerization generates MIPs at the nano-
and micro-scale, grafting provides improved control over polymer
shape. Epitope imprinting lets a particular area of the protein imprint
rather than the whole protein. This approach reduces non-specific
binding while nevertheless allowing more precise and powerful in-
teractions. Since it concentrates just on the main sequences of proteins,
it also provides the possibility for protein capture depending on genetic
information. When selecting among these procedures, one must consider
the molecular size to be imprinted, the polymer’s accessibility, and the
specifications of the biosensor application [5,6].

This review discusses studies on the detection of biomarkers specific
to lung and prostate cancer, the most prevalent cancer types, utilizing
MIP-based biosensors, along with their advantages, limits, and pro-
spective future uses.

2. Lung cancer detection strategies

Lung cancer is the predominant and primary cause of cancer-related
mortality globally. Early diagnosis and intervention are essential for
effective disease management and enhancing survival rates. MIP-based
sensors represent a promising method for detecting lung cancer-
specific biomarkers, owing to their exceptional selectivity, durability,
and cost-effectiveness. Blood is a prominent initial option for potential
biomarkers in lung cancer diagnosis. Blood-based biomarkers give a
comprehensive assessment of the entire human organism, encompassing
the primary tumor, metastatic illness, immune response, and peritu-
moral stroma [7]. In this context, the concentrations of several bio-
markers are assessed for early cancer detection. Aberrant glycosylation
is frequently linked to the onset and advancement of diseases, including
cancer, inflammation, and some congenital disorders [8]. Therefore,
numerous glycoproteins, including alpha-fetoprotein (AFP) and carci-
noembryonic antigen (CEA), possess potential as typical cancer bio-
markers. However, it has been indicated that CEA as a biomarker for
lung cancer may possess predictive value, yet it lacks sufficient strength
to advise treatment decisions [9]. The utilization of tumor marker
indices, encompassing many tumor markers, to assess patient prognosis
and recurrence risk may prove advantageous in the future management
of lung cancer patients.

This part of the review will comprehensively investigate MIP-based
sensors created for potential lung cancer detection biomarkers, catego-
rized by measurement methodologies.

2.1. Electrochemical detection

Glutathione (GSH) is essential for detoxifying and eliminating car-
cinogens in healthy cells, serving as a vital element of the antioxidant
system. Alterations in this system and disruptions in GSH homeostasis
significantly contribute to tumor development, progression, and treat-
ment response. GSH, typically present in elevated concentrations within
tumor cells, has been linked to tumor advancement and chemothera-
peutic drug resistance [10]. Moreover, tumor cells maintain increased
nicotinamide adenine dinucleotide (NADPH) levels relative to healthy
cells to enhance their redox defenses and facilitate biosynthetic pro-
cesses [11]. The initial phase of cancer is attributed to cellular
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dysfunctions linked to alterations in these reduction mechanisms. In
lung cancer patients, the absolute value of GSH, NADPH and redox
potentials were found to be significantly lower compared to healthy
individuals, while glutathione disulfide (GSSG) levels were found to be
significantly higher. The findings derived from blood tests suggest that
GSH, NADPH, NADP*, and Redox potentials (Ehc) levels may act as
promising indicators for the early identification of lung cancer. Given
that a solitary analyte yields restricted information, there is a significant
necessity for a multiplex biosensor system to concurrently assess several
redox species pairs, hence enhancing the investigation of overall redox
homeostasis in cancer patients. Liu and colleagues developed a multi-
plex electrochemical biosensor system employing a MIP film on glassy
carbon electrodes (GCE) for the amperometric quantification of GSSG,
GSH, cysteine (Cys), cystine (Cyss), p-nicotinamide adenine dinucleotide
phosphate (NADP™), and NADPH in samples of blood from lung cancer
patients and healthy donors. They utilized the "MIP-Gate effect" detec-
tion approach to concurrently study these compounds [12]. MIPs, the
gate effect results from the modification of the faradaic activity of a
redox probe caused by the presence of analyte molecules within the
imprinted cavities. Several mechanisms of the gate effect in analyte
measurement using molecular imprinting are feasible. The structural
MIP film is modified through swelling or shrinkage resulting from an-
alyte binding. These structural modifications either augment or reduce
the diffusion rate of electrolyte ions and/or the redox probe within the
film. A different possibility may emerge from the alteration in the charge
state of the MIP film. Moreover, the electrical configuration of the MIP
may alter due to the doping of the MIP with the analyte, hence inducing
the gate effect [13]. In comparison to analogous research, the proposed
sensor exhibited a lower detection limit, a straightforward
manufacturing method, and a dynamic range of concentrations for six
analytes between 107" and 1078 mol L_l, with a detection limit (LOD)
of 20 pmol L1,

Carcinoembryonic antigen (CEA) is a glycoprotein involved in cell
adhesion. Despite the controversial nature of CEA as a reliable marker
for lung cancer [14,15], its cost-effectiveness, non-invasive nature, and
absence of alternative dependable markers render CEA a compelling
choice in lung cancer diagnostics. The elevated levels of CEA in patient
serum are being assessed as a diagnostic instrument for various types of
lung cancer. Multi-template molecularly imprinted polymers can create
various recognition sites on a single polymeric substrate by concurrently
employing two or more target molecules as templates. In contrast to
single-template MIPs, it presents significant potential for concurrent
identification, enrichment, and multiplex detection, hence expanding
the applicability in real samples [16,17]. Wang et al. developed a signal
amplification technique utilizing dual-template magnetic-MIPs with
graphene-Au signal labels for the simultaneous detection of
alpha-fetoprotein (AFP) and CEA. G-Au-rApo-M labels were employed
for signal enhancement. A concentration of gold nanoparticles (AuNPs)
on graphene offered several active sites for the conjugation of rApo and
primary antibodies. The distinct reactivity of the inner and outer sur-
faces of apoferritin, along with its capacity to sequester small molecules
within its protein cavity, presents prospects for the fabrication of
multifunctional nanomaterials with regulated molecular characteristics.
The selective capture probes were manufactured using the
self-polymerization of dopamine on Fe3sO4 nanoparticles (Fe3O4 NPs),
utilizing AFP and CEA as a template molecules. The LOD for CEA and
AFP were 0.35 and 0.3 pg mL™}, respectively, which were inferior to
earlier reported outcomes [18].

Taheri and colleagues developed an additional instance of a dual-
template MIP (DMIP)-based sensing approach for the distinct detec-
tion of CEA and AFP as biomarkers for lung cancer. Utilizing nano-
structured materials can enhance detection sensitivity in DMIP sensors.
Electrochemical sensors utilize conductive polymer film-modified elec-
trodes owing to their steady performance, excellent conductivity, and
straightforward preparation. Polypyrrole (PPy) has garnered increasing
interest owing to its facile electrochemical production, favorable redox
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characteristics, elevated conductivity, and physical durability. Re-
searchers employed the PPy- Methyl orange (MO) electropolymerization
technique to synthesize a dual-template rectangular nanotube MIP on
fluorine doped tin oxide (FTO) substrate. MO augmented the conduc-
tivity of polypyrrole (PPy), and MO-doped PPy (PPy-MO) facilitated the
development of rectangular-shaped nanotubes. The favorable outcomes
in quantifying AFP and CEA in human serum samples, along with the
DMIP sensor’s high sensitivity and stability, render it a potential tech-
nique for detecting AFP and CEA in serum samples [19]. Wang et al.
developed a CEA-imprinted polymerized ionic liquid hydrogel film uti-
lizing 1-benzyl-3-bromopropylimidazolium bromide (BCCPEimBr) ionic
liquid as a functional monomer under mild conditions. The ionic liquid
served as a functional monomer to synthesize hollow gold nanospheres
(HGNBs) incorporated into molybdenum diselenide (MoSez) nano-
sheets. This study establishes that MoSe; is a prototypical semi-
conductor, wherein excitation by white light facilitates electron
transfers from the band of valence to the band of conduction, leading to
the formation of electron-hole pairs. Electrons may be transported to the
electrode surface directly or through HGNBs to produce photocurrent.
Fig. 1 illustrates the development process of the created biosensor. The
results indicated that HGNBs significantly increase the photo-
electrochemical reaction of MoSe; nanosheets. Under optimum cir-
cumstances, the LOD of the developed printed sensor was established at
11.2 pg mL L. The feasibility of the printed PEC sensor for quantifying
CEA in actual clinical serum samples has also been proven [20].

2.2. Surface-enhanced Raman spectroscopy (SERS) based detection

Surface-enhanced Raman spectroscopy (SERS) is a potent vibrational
measurements method that enables label-free, highly sensitive, and ac-
curate characterization of the substances by the enhancement of local-
ized electric fields at the surface of the plasmonic substance when
stimulated by monochromatic light. This enhances the Raman scattering
signal, facilitating the detection of low-concentration analytes and
promoting the application of SERS as a diagnostic instrument for dis-
ease. SERS substrates comprise colloidal and monodisperse nano-
particles (NPs) exhibiting morphologies that vary from simple forms,
including spheres, rods, and cubes, to intricate structures such as prisms,
polyhedra, and other multidimensional materials. The improvement in
SERS substrates results from the formation of "hot spots," which are
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junctions between two nanostructured elements where electric fields are
intensified. The SERS phenomenon demonstrates significant distance
dependence due to localized intense electric fields; consequently, the
most intense SERS signals are achieved when the target analyte is within
2 nm of the substrate surface or when it adsorbs to the surface, with
rapid decay occurring at greater distances [21]. Nonetheless, despite the
sensitivity and potential of SERS-based investigations, they are con-
strained by some constraints. The signals from the Raman probe utilized
in these research are situated in the fingerprint area (300-1800 cm’l),
making them susceptible to interference from Raman signals of endog-
enous proteins. Secondly, the intensity of the SERS peak employed for
quantitative detection frequently exhibits unforeseen fluctuations
attributable to variations in laser power and environmental conditions.
Both aspects will influence the ultimate precision of quantitative
detection and substantially restrict the further applicability of this
technology for analyzing complicated biological materials. Lin et al.
combined SERS and MIP technology for CEA detection, integrating two
layers of core-shell nanoparticles onto the SERS substrate to achieve
significant electromagnetic enhancement through the creation of
numerous "hot spots”. These "hot spots" may be located not just in the
interstitial regions between core-shell nanospheres within the same
layer however also across both the lower and upper layers of the
nanospheres, leading to a substantial amplification of Raman signals.
Furthermore, to prevent interference from signals of endogenous mol-
ecules, an alkynyl (C=C) group with a triple bond (2024 cm™!) was
employed as a stable Raman probe for CEA detection in this investiga-
tion, utilizing the quiet area of Raman scattering. The biosensor ach-
ieved a detection limit of 0.064 pg mL~! within the range of 0.1 pg mL™}
to 10 pg mL L. The efficacy of the engineered detection method has
demonstrated significant potential for biomarker-driven cancer
screening through the use of CEA detection in actual patient blood
samples [22].

A peptide epitope and glycan are two structural components of a
glycoprotein. The specificity of an immunoassay can be significantly
enhanced if it simultaneously recognizes these two traits. Nevertheless,
there have been limited research focusing on the concurrent identifi-
cation of peptide epitopes and glycans of a target glycoprotein. Zhou
et al. presented an innovative method called orthogonal dual MIP-based
plasmonic immunosandwich analysis (odMIP-PISA), which utilizes
dual-characteristic recognition to enhance specificity in the detection of
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Fig. 1. Schematic representation of the manufacturing of CEA imprinted sensors and the PEC responses of HGNBs-MoSe2 nanocomposites [20].
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glycoproteins. This strategy depends on the simultaneous detection of a
target glycoprotein by two different types of MIPs, employing a surface
covered with epitope-imprinted AuNPs as the capturing substrate for
peptide epitopes and Raman-active nanoparticles of silver imprinted
with glycans serve as marking nanotags for glycans. The unique prop-
erties of epitopes and glycans in the target molecule enable their
recognition by two MIPs, creating an orthogonal pair of recognition
features that is expected to promote a dual control mechanism and
improve comprehensive recognition specificity in contrast to individual
recognition. MIP thin layer specific to the C- or N-terminal epitope of the
target glycoprotein was fabricated on a AuNP self-assembled monolayer
(SAM) coated glass slide using the boronate affinity-assisted directed
surface imprinting technique. The glycoproteins tagged with glycan-
imprinted Raman nanotags created sandwich-like immunocomplexes
on the glass slide, which was then analyzed by Raman detection. The
epitope-imprinted AuNPs generated a hot spot in the interval between
the SAM-coated slide and the Ag-core Raman nanotags, hence ampli-
fying the SERS signals [23].

Previous approaches are anticipated to greatly impact forthcoming
commercial point-of-care tools for protein identification, owing to their
increased sensitivity and recognition capabilities; however, the
nonspecific response from the component of biorecognition represents
the principal limitation of these sensing strategies that requires resolu-
tion. Carneiro et al. presented a novel method that integrates two
distinct biorecognition elements functioning collaboratively for the
detection of CEA, hence minimizing nonspecific responses. This hybrid
sandwich-like method employs a MIP film for sample pre-concentration
on a solid substrate, alongside natural antibodies conjugated to metal
nanoparticles that incorporate the Raman reporter as a transducer
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element. In this investigation, gallic acid (GA) was employed for the first
time in the electropolymerization of a MIP film in the presence of CEA.
The film was subsequently coated with a second ultrathin electro-
polymerized benzoic acid (BA) film to prevent nonspecific binding. GA
possesses an aromatic ring with several hydroxyl groups, facilitating the
formation of hydrogen bonds with the target template. Furthermore, it
necessitates a low potential for oxidation and ensuing electro-
polymerization, signifying its role as an antioxidant. Gold nanostars
(AuNSs) were favored as metallic substrates for SERS labeling. Raman
reporter molecules must be affixed to the surface of AuNSs, and their
interactions must be robust. Molecules featuring nitrogen or sulfur-
containing functional groups are typically employed as Raman re-
porters because of their affinity for silver or gold nanoparticles utilized
as SERS substrates. Four distinct Raman reporter molecules were eval-
uated, with 4-aminothiophenol (4-ATP) selected for its high signal in-
tensity as the Raman reporter. The target molecule was detected at a
concentration as low as 1 ng mL ™! using the antibody conjugated to the
Raman reporter. The construction of the proposed biosensor is illus-
trated in the diagram in Fig. 2 [24].

Feng et al. propose an antibody-free immunoassay employing boro-
nate affinity MIP and SERS tags. A boronate affinity array was developed
by synthesizing a polymer that adsorbs glycoproteins onto a glass slide,
employing 4-vinylbenzeneboronic acid (VPBA) as the functional
monomer, ethylene glycol dimethacrylate (EGDMA) as the crosslinking
agent, and ethylene glycol and cyclohexanol as porogens. A sandwich
structure of a “MIP-target glycoprotein-SERS tag” was established
through the covalent connection between the glycoprotein and the SERS
nanotag, which comprises AuNPs and 4-mercaptophenylboronic acid
(MPBA). The LOD for CEA attained a minimum of 0.1 ng mL™! [25].

CEA cavity %;if SERS probe

Fig. 2. Schematic representation of the biosensor assembly [24].
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3. Prostate cancer detection strategies

Prostate cancer is among the most prevalent cancers in males and
ranks as the second greatest cause of cancer-related mortality globally
[1]. It is a condition that exhibits significant responsiveness to treatment
when identified early. Biomarkers utilized in the diagnosis and moni-
toring of prostate cancer facilitate early intervention through precise
and sensitive disease detection. The pathogenesis and advancement of
prostate cancer are intricate and variable; active surveillance is favored
for low-risk cases, whereas surgical intervention and radiotherapy are
utilized for localized tumors. In metastatic or aggressive instances,
combinations of hormone treatment, chemotherapy, radiation, and
immunotherapy are employed. Consequently, the incorporation of
clinically significant prognostic and predictive biomarkers is crucial for
the prompt prevention of metastatic illness and the determination of
therapy options. Prostate-specific antigen (PSA) is a protein mostly
produced by cancerous prostate gland cells. Elevated PSA levels in the
blood of men serve as a biomarker for prostate cancer or inflammation
and tend to rise with age beyond 50 years. The PSA level is effective for
tracking the progression and response of cancer patients following
chemotherapy. On the other hand, some improvements have been made
in PSA test to increase diagnostic accuracy against the risk of obtaining
false positive results due to various factors affecting PSA levels [26]. In
prostate cancer diagnosis, various biomarkers, in addition to PSA, also
serve for early diagnosis.

This section of the review will thoroughly examine MIP-based sen-
sors developed for possible biomarkers in prostate cancer diagnosis,
classified by measurement techniques.

3.1. Electrochemical detection

Conductive polymers are utilized in the construction of sensor for the
immobilization of diverse biological components, including enzymes,
antigens, antibody receptors, and the synthesis of molecularly imprinted
polymers. Conductive polymers provide excellent electrical conductivity
and charge transfer capabilities. Consequently, a range of electro-
chemically and optically active conductive polymers are employed in
the development of diverse sensors and biosensors as signal transduction
mechanisms. Recently, numerous conductive polymers have been uti-
lized in sensor design, with the most prevalent being polypyrrole (Ppy),
polyaniline  (PANI), polythiophene (PTH), and poly(3,4-
ethylenedioxythiophene) (PEDOT) [27]. The copolymerization of
several functional monomers is a novel strategy employed to enhance
the efficacy of MIPs. The utilization of many functional monomers fa-
cilitates the establishment of various chemical interactions (e.g.,
hydrogen bonds, n-n interactions, electrostatic attractions) with the
target molecule (template molecule). This facilitates enhanced recog-
nition and binding of the template molecule. This technique enables the
acquisition of polymeric structures exhibiting enhanced selectivity,
sensitivity, and binding capacity [28]. Khumngern et al. created an
electrochemical sensor, MIP/PEDOT:PSS@Fc/SPCE, by depositing a
molecularly imprinted copolymer of o-phenylenediamine (o-PD) and
o-aminophenol (0-AP), which was electropolymerized in the presence of
PSA, onto a screen-printed carbon electrode (SPCE) that had been
modified with a  polystyrenesulfonate-doped  poly(3,4-ethyl-
enedioxythiophene) ferrocene composite (PEDOT:PSS@Fc). The
imprinted copolymer, poly(o-PD-co-0-AP), functioned as an artificial
antibody that captured PSA by hydrogen bonding and electrostatic in-
teractions. PEDOT:PSS, a polymer exhibiting high electrical conductiv-
ity, encapsulated Fc, functioning as an electrochemical probe. PEDOT:
PSS also enhanced the signal and stabilized Fc. The results indicated that
these interactions produced a strong affinity between MIP and the target
molecule. The dissociation value of 1.91 x 10 ng mL™! signifies the
development of a very effective and sensitive biosensor for PSA detec-
tion [29]. This sensor possesses significant potential for use in the early
diagnosis of critical illnesses, including prostate cancer. Nonetheless, the
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efficacy in actual samples and long-term stability must also be assessed.
The schematic representation of the biosensor fabrication process is
illustrated in Fig. 3.

MIP film thickness is a critical factor that influences the recognition
capability of MIP-based sensors. Electropolymerization conditions,
including functional monomer concentration, potential cycle number,
and potential scan rate, can be utilized to regulate film thickness. Yaz-
dani et al. developed of a PSA nanobiosensor that is based on molecu-
larly imprinted electrosynthesized polypyrrole (PPy). The
electropolymerization of Py was examined in relation to potential cycle
numbers in this study. The electrodes that were prepared using cycle
numbers greater than five exhibited extremely low DPV signals, which
were a consequence of the marker’s low accessibility, which led to the
formation of a thick PPy film. The nanobiosensor’s binding isotherm was
examined at various equilibrium concentrations of PSA using three
distinct models: the Langmuir, Freundlich, and two-type simultaneous
binging model. The Freundlich adsorption isotherm was employed to
determine the optimal data fit, resulting in K and n values of 0.89 ng
mL ™! and 10.93, respectively. The fact that the Freundlich model offers
the most satisfactory fit is a clear indication that the nanobiosensor
surface is heterogeneous and that the binding mechanism of PSA is
influenced by this heterogeneity. The K value indicates that the binding
of PSA to the sensor surface is not highly specific, but it is sufficiently
effective. These models serve as a critical reference during the biosensor
development process. Furthermore, the researchers evaluated the effi-
cacy of nanobiosensors in clinical diagnosis by analyzing blood serum
samples obtained from patients to determine the nanobiosensor’s ca-
pacity to identify PSA in actual samples [30].

Myo expression has been markedly linked to steroid hormone
signaling and hypoxia indicators in prostate cancer patients and has
been assessed as a biomarker for early-stage diagnosis [31,32]. Karami
et al. created a dual-modal impedimetric immunosensor utilizing an
antibody-molecularly imprinted polymer to evaluate Myo serves as a
marker expressed with PSA in prostate cancers. Initially, 3,3"-dithiodi-
propionic acid  di(N-hydroxysuccinimide ester) (DSP) was
self-assembled onto a gold screen-printed electrode (GSPE). Subse-
quently targeting proteins were via covalent bonds linked to DSP-GSPE.
The MIP was generated on the SPE surface utilizing acrylamide as the
functional monomer, N,N-methylenebisacrylamide as the cross-linker,
and PSA and Myo as templates, respectively. A nanocomposite (NCP)
comprising multi-walled carbon nanotubes, graphene oxide, and
magnetite nanoparticles decorated with PSA-specific antibodies (Ab)
was produced and subsequently treated with MIP(PSA, Myo)-SPE. The
Ret values of the generated immunocomplex were assessed following an
immunological reaction between MIPs, PSA, and NCP. The disparity in
the charge transfer resistance (R) values of MIP(PSA, Myo)-SPE and
NCP-MIP(PSA, Myo)-SPE implicitly suggested the PSA concentrations.
The biosensor performance was evaluated in relation to the thickness of
the MIP layer. Thereafter, the kinetic function of the SPR spectrometer
was utilized to evaluate the binding affinity of MIP to an analytical
samples and the interaction between PSA and NCP. The results
demonstrated that the affinity of MIP to Myo was greater than that of
PSA, and the affinity between PSA and NCP was greater than that of PSA
and MIP [33]. The results indicate that Myo is anticipated to have a
reduced limit of detection and enhanced sensitivity regarding detection
performance. The researchers indicated that, despite the relatively low
affinity of PSA, enough performance was attained by the optimization of
binding kinetics. In future analogous research, given the robust inter-
action between PSA and NCP, it would be prudent to implement surface
changes or blocking methods to enhance the biosensor’s selectivity.
Designs aimed at two target molecules necessitate meticulous design
and optimization regarding affinities and kinetic constants. Fig. 4
schematically illustrates the assembly of the developed sensor and
immunosensor. A separate investigation utilizing nanocomposites for
PSA detection was carried out by Ma et al. [34]. In contrast to
single-component nanomaterials, graphene nanoplatelet (GS)
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composites, particularly those incorporating coated metallic nano-
particles like Au, Ag, and Pt, exhibit superior particle dispersion and
enhanced electrochemical characteristics owing to their synergistic ef-
fects [35]. Researchers designed of an amperometric sensor for PSA
detection that integrates the benefits of a MIP with a nanocomposite of
graphene nanoplatelets (GS), AuNPs, and chitosan (Chit). The sensitivity
was markedly enhanced by employing the GS-AuNP hybrid signal. The
designed sensor demonstrated a PSA levels range of 1 pg mL ! to 100 ng
mL~! and a LOD of 0.15 pg mL™! [34].

Ertiirk et al. developed a microcontact imprinted (PSA-MIP) capac-
itive sensor that provides real-time, highly sensitive and specific mea-
surement of PSA. Capacitive biosensors are a kind of electrochemical
sensors that assess alterations in the dielectric characteristics of the
sensor surface, that causes a reduction in capacitance following the
contact between an analyte and the biorecognition element [36].
PSA-MIP electrodes were synthesized using UV polymerization utilizing
methacrylic acid (MAA) as the functional monomer and ethylene glycol
dimethacrylate (EGDMA) as the crosslinking agent. A microcontact
printing technique was employed to apply PSA onto the surface of the
capacitive sensor. Microcontact printing is a surface coating method
employed to fabricate detection cavity for macromolecular mimics [37].
The target is attached to a glass substrate to create the protein imprint. It
is then positioned in contact with the sensing layer. A thin polymer layer
is created on the sensor surface using UV polymerization. The micro-
contact printing technique is an efficient approach that ensures great
precision and uniformity on the surface during MIP manufacturing
processes. This approach, however, has constraints including template
molecule positioning, surface compatibility, and mold durability. This
work involved the development of PSA-MIP and Anti-PSA electrodes to
evaluate their detection performance and selectivity. The selectivity
coefficients that for PSA and HSA indicated that the PSA-MIP electrode
exhibited greater selectivity for PSA compared to the Anti-PSA electrode
[36].

Abbasi et al. created an enhanced MIP-imprinted electrochemical
analyses biosensor for PSA measurement. This study employed electri-
cally conductive poly Toluidine Blue (PTB) as a synthetic receptor. The
protein-imprinted PTB was electropolymerized within a preformed
glutaraldehyde-cysteamine matrices on the gold electrode’s surface. The
researchers reported that the innovation of this study originated from
using of TB as a functional monomer for the first time to fabrication of an
electrically conductive MIP-based electrochemical sensor for PSA mea-
surement. The MIP-modified electrodes exhibited a broad linear range of

1-60 pg L~ and a lower limit of quantification (LLOQ) of 1 pg/L for PSA
detection. The robust connection between the immunosensor findings
and the results obtained through ELISA techniques confirmed the
viability of the developed PSA immunosensor for the analysis of real
biological samples [38].

MoS: is frequently used for enhancing sensing performance owing to
its substantial surface area, superior electron transport characteristics,
and chemical stability. Conductivity can be enhanced by incorporating
conductive elements such as gold nanoparticles, carbon nanotubes, or
graphene onto the MoS: surface. Effective surface modification tech-
niques, utilization of suitable composites, and safeguarding against
environmental influences can enhance the reliability and applicability of
MoSz-based systems. Zhang et al. devised a signal amplification
approach in the biosensor they created for MIP-printed PSA detection.
The signal was enhanced using the co-catalysis of AuNPs and MoS;. The
electrode surface was changed with MoS; and AuNPs as the sensing
substrate. A PSA template and 4-mercaptophenylboronic acid (MPBA)
were utilized to create MIP cavities, while MPBA-labeled gold poly-
merized methylene blue composites were developed as tracking labels.
Target PSA is initially collected by the cavities by structural
morphology, subsequently fixed onto the target sensor via the interac-
tion between the cis-dihydroxy group of PSA within the cavities and
MPBA. The MB signal from the tracking label, which is responsive to the
concentration of target PSA due to the co-catalysis of AuNPs and MoS2
on the tracking label and substrate, exhibits a substantial amplification
effect. The engineered sensor exhibited an extensive linear range from 1
x 107 to 1 x 10* ng mL™!, with a LOD of 0.03 pg mL ™! [39].

The MIP epitope imprinting technique aims to establish selective
binding sites by utilizing a specific part of the target molecule (epitope)
as a template, rather than the complete target molecule. This technique
is mostly favored, particularly when focusing on large and intricate
macromolecules (e.g., proteins, antigens). Epitopes enhance the identi-
fication of more precise areas for binding to the target molecule [40].
Shao et al. recently developed an epitope-imprinted electrochemical
sensor for PSA measurement. This study initially described the use of
The C-terminus region of PSA serves as a template molecule for the
development of an epitope-MIP electrochemical sensor for determining
PSA in actual serum. A MIP film targeting an epitope was generated on a
gold electrode surface coated with AuNPs utilizing electro-
polymerization, employing the C-terminus region of PSA as a model and
o-phenylenediamine as a functional monomer. AuNPs were incorpo-
rated to augment the surface area of the gold electrode, thereby
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Fig. 4. Depiction of the construction and functionality of the designed immunosensor [33].

increasing the effective surface area for the immobilization of the
epitope-MIP film. However, the researchers criticized the results, stating
that the effective surface area (5.40 x 102 ¢cm?) was not high sufficient,
that could affect the rapidly rebinding of PSA. Future studies will utilize
other nanomaterials, like carbon nanotubes, graphene, and quantum
dots, to address this issue. The sensor exhibited a very low LOD of 0.31 fg
mL ™! over a wide various PSA concentrations from 1 fg mL™! to 0.1 pg
mL~! [41]. The epitope imprinting technique provides considerable
benefits, particularly in the creation of biosensors that necessitate the
recognition and selective detection of biomolecules. While utilizing tiny
templates offers cost and stability benefits, it is imperative to select the
appropriate epitope and ensure specificity. This method is increasingly
used in proteomics and clinical diagnosis to enhance the sensitivity and
accuracy of biosensors.

Aptamers are favored over antibodies as template molecules for MIP
due to their synthetic production, which eliminates risks of

denaturation, degradation, or biological contamination. Aptamers
exhibit significant chemical stability and can endure polymerization
environments, including organic solvents and severe pH levels. Due of
their diminutive dimensions, they can establish more precise and
accessible binding sites inside the MIP matrix. These attributes enhance
the target selectivity of MIP while mitigating the stability and produc-
tion constraints encountered by antibodies [42]. Jolly et al. documented
the development of an innovative synthesized receptor biosensor that
integrates biomolecular detection components with molecular
imprinting to minimize certain constraints of traditional protein
imprinting. A thiolated DNA aptamer with specificity for PSA has been
interacting with PSA before being immobilized on a gold electrode
surface. The researchers suggested that regulated electropolymerization
of dopamine coated the complex, thereby maintaining the aptamer in its
binding conformation and enhancing its recognition capabilities [43].
Up to this point, PSA has been addressed as the most commonly used
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marker for prostate cancer diagnosis. Nonetheless, the efficacy of PSA
screening in diagnosing prostate cancer exhibits limited sensitivity, and
PSA levels can be influenced by multiple factors, including age, pros-
tatitis, urinary tract infections, and benign prostatic hyperplasia,
resulting in unavoidable false-positive outcomes [44]. The absence of a
reliable biomarker for prostate the significance of cancer detection and
evaluation underscores the necessity for novel, specific, sensitive, and
cost-effective biomarkers to optimize treatment strategies in the dis-
ease’s early stages. A metabolomics study by Seekumar et al. [45]
identified sarcosine (N-methylglycine) as a possible biomarker for
prostate cancer in urine. Sarcosine, an intermediary in the production
and breakdown of glycine, is significantly raised during the progression
of prostate cancer to metastasis and is either undetectable or found at
negligible quantities in the urine of healthy people. Fernandez-Puig
et al. employed MIP-based nanocomposite polymerized on silica nano-
particles to ascertain sarcosine in the creation of an all-solid-state (ASS)
potentiometric sensor. Silica nanocomposites, serving as structural
supports for MIPs, facilitated stable complexation of sarcosine and
functional monomers. This research proposes the creation of the first
potentiometric miniature ASS sensor for the detection of sarcosine [46].
Nguy et al. introduced the creation of a biomimetic sensor utilizing
sarcosine-imprinted poly-aminothiophenol (p-ATP) layers applied to
carbon electrodes with a gold-nanoparticle interlayer, serving as the
recognition element by electropolymerization for sarcosine detection.
The research results demonstrated that the sarcosine sensor developed
with the MIP/AuNPs/SPCE heterostructure exhibited enhanced sensi-
tivity relative to the traditional MIP/SPAUE electrode used for
comparative analysis [47]. A study on the rapid and selective identifi-
cation of sarcosine was performed by Sheydaei et al. This study involved
the preparation of MIP nanobeads by a straightforward sol-gel approach,
utilizing methacrylic acid as a functional monomer in a blend of
acetonitrile and water as a pore forming, alongside sarcosine. Following
the extraction of sarcosine from the polymeric matrix, the purified MIP
was employed as a targeted altering agent for a carbon paste electrode
(CPE) for the quantification of sarcosine. In this study, the critical factors
such as the effect of pH on the electrochemical behavior of the designed
electrodes, the effect of the modifier amount and deposition time the
influence of the rate of scan on the peak currents and potentials in the
sensor signals were investigated comprehensively [48]. Recently, Wong
et al. discussed the creation of carbon paste electrode with ionic liquid
and magnetic MIP for sensitive and selective determination of sarcosine.
The researchers observed that treatment of carbon paste electrode with
ionic liquid and magnetic MIP offered high catalytic activity against
sarcosine oxidation and increased detectability of sarcosine in biological
samples by increasing the analytical signal. The proposed approach
revealed a determination range of 2 x 10”7 t0 1.04 x 10~ *mol L ' and a
low detection limit of 5.1 x 10~8 mol L [49]. On the other hand, levels
of STEAPI, a cell surface protein of the Prostatic Six-Transmembrane
Epithelial Antigens (STEAP) family whose main function is cell-to-cell
communication and cell growth, elevated in malignant tissue than in
normal tissue, and these concentrations are correlated with a more
aggressive stage of malignancy, according to Barroca-Ferreira and col-
leagues [50]. A variety of sources suggest that STEAP1 is applicable for
the prognosis and diagnosis of prostate cancer and presents a potential
target of treatment for the disease [50-52]. Carvalho et al. created a MIP
on a SPCE modified with a nanocomposite of carbon nanotubes deco-
rated with dendritic platinum nanoparticles (CNTs-PAH/Pt) for the
precise and selective detection of STEAP1. The MIPs were synthesized
using the electropolymerization of a mixture of STEAP1 and the func-
tional monomer pyrrole-2-carboxylic acid on the modified SPCE. While
the physiological limit of STEAP1 remains under investigation, the re-
searchers indicated that the biosensor created in this study shown
excellent performance for selectivity, sensitivity, and repeatability for
prostate cancer diagnosis [53].
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3.2. PSA detection using other measurement techniques

Electrochemiluminescence (ECL) sensors possess numerous advan-
tages, including high sensitivity, minimal background interference,
controllability, and easy configuration, facilitating their extensive use in
the sensitive detection of various targets such as proteins, micro RNA,
and DNA. Biocompatible ECL signal probes have enabled the measure-
ment of minimal concentrations of PSA in serum from individuals. Wang
et al. have developed a dual recognition electrochemiluminescence
sensor utilizing both an aptamer and a MIP for the quantification of PSA.
The aptamer was self-assembled onto electrodes modified with AuNP
through Au-S linkages. The MIP membrane layer was produced using
the electropolymerization of dopamine. The measurement principle re-
lies on the reduction of the ECL response of luminol in solution following
the binding of PSA to the printed cavities. The "signal-off" technique has
been used for PSA diagnosis, exhibiting a broad linear range and a LOD
of 5 pg mL™! to 50 ng mL™!, with a LOD of 3 pg mL™* [54].

MIPs are preferred as detection components in biosensors for effec-
tive recognition of targets, while fluorescence imaging enables highly
sensitive detection and ease of use. MIP-based fluorescence detection
systems have garnered interest across various domains, including
chemical and biological investigation. Innovative methodologies in
molecular imprinting and fluorescence detection are promising to
enhance the sensing performance of MIP-based fluorescence sensors.
Construction methodologies such as hierarchical architecture, including
core-shell, hollow, and mesoporous architectures, post-imprinting
modifications (PIM), and proportionate fluorescence have been devel-
oped to enhance the sensing properties of these sensors [55]. Saeki et al.
presented a sensing strategy using MIP and a newly designed multi-
functional PIM reagent (PIR) for PSA detection. PIR, which has an
interaction site and dual reaction sites for PIMs, provided high
signal-to-noise ratio [56].

Turan and colleagues introduced a plasmonic biosensor design for
PSA detection, integrating the great selectivity of MIP with the excep-
tional sensitivity of SERS. Magnetic MIP nanoparticles were synthesized
utilizing tannic acid (TA) as a functional monomer and employed as a
"antibody-free" capture probe for PSA. TA is distinguished by its favor-
able solid-liquid interface characteristics, self-polymerization capabil-
ities, and the ability to generate hydrophilic coatings owing to the
abundance of hydroxyl groups. The approach mainly depends on the
selectivity of magnetic MIP nanoparticles used as capture probes for PSA
and the high sensitivity of SERS nanotag. The performance of the pro-
posed method in clinical applications was tested by comparing with
ELISA test and the results that were observed demonstrated that the
method has sufficient accuracy and sensitivity for clinical applications
[571.

Table 1 outlines the properties of MIP-based biosensor applications
in the early detection of lung and prostate cancer.

4. Conclusion

MIP-based biosensors exhibit considerable potential for noninvasive
diagnostic techniques and great selectivity in prostate and lung cancer.
The improved identification of target biomarkers in prostate cancer el-
evates MIP applications within this field. The elevated specificity and
stability of MIPs allow these sensors to proficiently identify target
molecules, even amidst the intricacies of biological settings. Nonethe-
less, certain constraints of conventional polymerization methods may
result in structures that inadequately detect biomarkers with precision.
This scenario presents a significant impediment, particularly for the
identification of biomarkers at minimal doses. Currently, interdisci-
plinary methodologies like nanotechnology and surface engineering has
the capability to surmount these constraints. Nanoscale changes of
electrode surfaces enhance signal amplification and lower detection
limits [58-60]. In future decades, the use of artificial intelligence (AI)
and machine learning (ML) in MIP-based biosensors can enhance
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Table 1
Summary of MIP-based biosensor applications in diagnosing lung and prostate cancer.
Sensing Principle Platform Analyte Determination range Limit of Detection Refs.
CV and EIS MIP/GCE GSSG, GSH, Cys, Cyss, NADP* 10711 10 ® mol L! 20 pmol L™! [12]
and NADPH

SWv PDA coated on Fe304 nanoparticles CEA and AFP 0.001-5 ng mL -1 CEA: 0.35 pg mL ~1 AFP: 0.3 [18]
pg mL

CV and EIS DMIP/ FTO CEA and AFP CEA: 5-10* pg mL™! AFP: 10 - 10*  CEA: 1.6 pgmL ' AFP:3.3pg  [19]

pgmL~! mL~!
PEC MIP/HGNBs-MoSe,/GCE CEA 0.05-5ngmL~’ 11.2 pgmL~! [20]
SERS PDA encapsulated Gold coated CEA 0,1 pg mL™" - 10 pg mL~? 0.064 pg mL~! [22]
microarray substrates

SERS SAM coated glass slide CEA 1ngmL™'-10 pgmL™! LOD: 5.56 x 10 ~'* M LOQ: [23]
5.6 x 10712 M

SWV, EIS, SERS GSPE CEA 1-1000 ng mL™! 1ng mL™! [24]

SERS Glass slide/MIP CEA n/a 0.1 ng mL~! [25]

DPV SPCE modified with PEDOT:PSS@Fc ~ PSA 1x107-1x10"*ngmL™* (8.3+1.3) x 10 ng mL ™! [29]

DPV GSPE PSA 0,01 - 4,0 ng mL ™" 2 pg mL~! [30]

EIS GSPE PSA, Myo PSA: 0.01 - 100 ng mL~! Myo: 1- PSA: 5.4 pg mL~! Myo: 0.83 [33]

20,000 ng mL~* ng mL~!

cv Glass cover slips PSA 10 fg mL™! - 100 ng mL~! PSA-MIP: 8 x 10~° ng mL ™" [36]

DPV and CV Gold electrode PSA 1-60pgL7! 1pg Lt [38]

DPV, EIS and CV GCE PSA 1x107%-1x10*ngmL™! 0.03 pg mL~! [39]

EIS Gold electrode PSA 100 pg ml~" - 100 ng m1~! 1pgml™! [43]

All solid-state Micropipette tips Sarcosine 107°-10" % mol L! 7.8 x 10~ mol L1 [46]

potentiometry

EIS AuNPs/SPCE/MIP Sarcosine 1ngmL™' - 1.6 pg mL~! 0,84 ng mL~? [471

DPV and CV CPE /MIP Sarcosine 5pM - 1.1 mM 0,38 pM [48]

DPV and CV CPE modified with ionic liquid and Sarcosine 2 x 1077 -1.04 “mol L} 51 x 10 8mol L! [49]

magnetic MIP

EIS, CV and SWV SPCE modified with CNTs-PAH/Pt STEAP-1 130 pg ml™' - 13 yg ml~! n/a [53]

ECL GCE modified with AuNP PSA 5pgmL~! - 50 ng mL~! 3pgmL! [54]

Fluorescent Gold-coated glass substrates PSA 5-150 ng mL~! 2.35 ng mL ™! [56]

SERS Magnetic MIP PSA 0,05 - 0,3 mg mL ™! LOD: 0.9 pgmL ' LOQ:3.2pg  [57]
mL~!

Abbreviations: CV, Cyclic voltammetry; EIS, Electrochemical impedance spectroscopy; MIP, Molecularly imprinted polymer; SWV, Square wave voltammetry; DMIP,
Dual-template molecularly imprinted polymer; DPV, Differential pulse voltammetry; GCE, Glassy carbon electrodes; GSSG, Glutathione disulfide; GSH, Glutathione;
Cys, Cysteine; Cyss, Cystine; NADP™, p-nicotinamide adenine dinucleotide phosphate; NADPH, Nicotinamide adenine dinucleotide; PDA, Polydopamine; CEA, Car-
cinoembryonic antigen; AFP, a-fetoprotein; DMIP, Dual-template molecularly imprinted polymer; FTO, fluorine-doped tin oxide; PEC, Photoelectrochemical; HGNBs,
Hollow gold nanospheres; MoSe2, Molybdenum diselenide; SERS, Surface-enhanced raman spectroscopy; SAM, Self-assembled monolayers; GSPE, Gold screen-printed
electrode; PEDOT:PSS@Fc, polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene) ferrocene composite; SPCE, Screen-printed carbon electrode; Myo, Miyo-
globin; ECL, Electrochemiluminescence; CNTs-PAH/Pt, Carbon nanotubes decorated with dendritic platinum nanoparticles.

biomarker detection processes. These technologies facilitate the analysis
of polymerization processes and sensor responses, enabling sensors to
yield results more rapidly and with more accuracy. The trend of creating
biocompatible and ecologically sustainable MIP materials through green
chemistry methods paves the way for innovative sensor design. The
utilization of bio-based functional monomers and solvents can diminish
environmental consequences and enhance the incorporation of sensors
into biological systems.

The significance of MIP-based biosensors in cancer diagnosis is
enhanced by technological and materials research breakthroughs. In the
future, the development of portable and cost-effective devices may
promote the extensive utilization of these technologies in therapeutic
contexts. Furthermore, the advancement of sensor platforms that can
identify simultaneous detection of various biomarkers enhances the
comprehensiveness of early diagnostic procedures [12,18,19]. In-
vestigations in this field will provide an essential basis for medical
diagnosis and personalized medicine applications. On the other hand,
significant limitations of MIP-based biosensors designed for the recog-
nition of multiple analytes are becoming apparent. These constraints
encompass reducing cross-interactions across analytes while ensuring
elevated selectivity and sensitivity. Polymer matrices employed in the
formulation of MIPs are typically created to target a singular analyte.
Nonetheless, the necessity for the detection of multiple analytes de-
mands the establishment of various recognition sites on a singular sur-
face for distinct analytes. This may result in the polymer losing its
homogeneity and the binding sites influencing one another. Moreover,
achieving signal separation and analytical precision in multi-analyte
systems becomes challenging, particularly when the physicochemical

properties of the analytes are analogous. To address these restrictions,
innovative polymer architectures and hybrid sensor systems are pre-
sented. Surface engineering and nanoscale editing techniques can be
employed to establish distinct binding sites for various analytes.
Furthermore, integrating MIPs with optical, electrochemical, or
fluorescence-based sensor technologies helps mitigate cross-interaction
issues by offering distinct signal readout channels for each analyte.

Over the past decade, MIPs and aptamers have demonstrated
considerable advancements in molecular recognition capabilities for
biochemical sensing applications . Recently, the MIP-aptamer, an
innovative hybrid recognition element, integrates the benefits of both
recognition components [42]. Investigations have been conducted to
demonstrate the recognition strategy that incorporates MIP-aptamer as a
hybrid recognition element for PSA determination, as previously
mentioned [43,54]. The researchers emphasize that the selectivity and
sensitivity of biosensors are enhanced by the integration of MIPs with
aptamers, which is achieved through a dual recognition element
approach. The chemical and thermal durability of MIPs, along with the
high binding specificity of aptamers, provide a robust recognition
mechanism. This method offers benefits, including the capacity to target
a diverse array of analytes and minimize false positive and negative
outcomes. Nonetheless, functionalizing both recognition elements on a
single surface is intricate, and the synthesis procedures are laborious and
expensive. The sensitivity of aptamers to environmental variables and
potential cross-reactions may constrain the system’s performance.
Enhancing the efficacy and cost-effectiveness of these hybrid systems in
the future may provide substantial advancements in biosensor
applications.
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The relevance of MIP-based biosensors in cancer diagnostics is
bolstered by advancements in technology and materials research. In the
future, the advancement of portable and affordable devices may facili-
tate the widespread deployment of these technologies in therapeutic
settings. Furthermore, the advancement of sensor platforms that can
identify many biomarkers may enhance the comprehensiveness of early
diagnostic procedures. Research in this domain will establish a crucial
foundation for both medical diagnostics and customized medicine
applications.
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